Abstract: Despite technological advances in engines and fuels, the transportation sector is still one of the largest emitters of greenhouse gas (GHG). Driving patterns, including eco-driving techniques, are a complementary measure for saving GHG emissions. Most eco-driving studies so far have been conducted in large cities suffering chronic congestion problems. The aim of this research is therefore to analyse the potential of driver behaviour for reducing emissions in a small non-congested city. Driver performance parameters such as travel speeds, number of stops, revolutions per minute, and maximum acceleration-deceleration are also studied. The methodology is designed to measure the effect of both eco-driving and eco-routing under real traffic conditions. A campaign was carried out in the city of Caceres (Spain) to collect data on various types of roads under different traffic conditions. This research concludes that eco-driving leads to CO 2 savings on all routes and road types of 17% in gasoline engines and 21% in diesel, although travel times are increased by 7.5% on average. The shortest route is also the most ecological, regardless of the traffic volume and characteristics, implying that consumption in non-congested cities depends mainly on distance travelled rather than driving patterns in terms of number of stops, speed and acceleration.
Introduction
Greenhouse gas (GHG) emissions and overconsumption of energy resources pose a global problem in terms of both their causes and consequences [1] . The transportation sector is one of the largest emitters of GHG [2] , despite advances in the field of engine technology and improvements in fuel quality. This sector accounted for 25.6% of global energy consumption in 2015, and transportation energy use is expected to increase by 1.1% every year until 2040 [3] .
Public authorities have different ways of achieving environmental objectives: promoting social changes in mobility patterns to achieve greater use of cleaner modes, improving vehicle technology and fuel [4] , reducing the number of motorized journeys through demand management [5] , and using information and communication technologies (ICT) to improve transport efficiency [6] .
However, these objectives can only be achieved with the contribution of the consumer. Some policies need to be accepted by the public, while others depend directly on the mode of driving and on travel decisions. These measures include efficient driving or eco-driving, which has major potential for individual fuel savings, e.g., Xia et al. [7] developed an eco-driving velocity planning methodology, showing individual vehicle fuel consumption and CO 2 reductions of around 10-15% depending on corridor parameters (including traffic volume and speed), and on the other hand, Ahn and Rakha [8] achieved significant improvements to energy and air quality (6-7% fuel and CO 2 savings) when drivers utilize a slower route although they incur additional travel time.
The Spanish Energy Saving and Efficiency Action Plan 2011-2020 [9] considers the efficient driving of private cars to be a key measure for achieving energy savings over the next few years. Specifically, by 2020 this practice is expected to produce significant energy savings in Spain of 493 ktoe (5.5% of the total estimated savings for the entire transportation sector) and to avoid emissions for a value of 1703 ktCO 2 . In order to achieve its objectives, the plan lays down some clear guidelines to encourage the rational use of transport modes and to promote demand management policies for route optimization and efficient driving.
Real-life automotive research done in EU context has identified the potential of driving styles for reducing consumption and CO 2 emissions [10] . It also highlights the need to provide real-time data to use the infrastructures in the most efficient way possible. There are many devices and technologies available for travel planning but whose potential has not yet been quantified to enable a more efficient use of transport infrastructures (including eco-driving and eco-routing).
In this context, efficient driving aimed at reducing fuel consumption by modifying driver behaviour has increased in importance since the 1990s. However, this simple definition includes many concepts and strategic actions, depending on the level of decision-making considered [11] :
• Strategic decisions: vehicle selection and maintenance.
•
Operational decisions: driving style geared to maintaining a constant speed, smooth acceleration, etc.
Tactical decisions: route selection and vehicle load.
This research focuses on the analysis of two of these efficient driving actions in practice: operational (eco-driving) and tactical (eco-routing). It aims to examine their impacts on energy savings and current traffic conditions.
Eco-Driving
At the operational level, efficient fuel consumption behaviour implies moderate acceleration and braking, changing gears at low revolutions, maintaining a constant speed, and anticipating traffic to avoid stopping as much as possible [12] . Drivers must adapt their driving to become efficient, which can be achieved with awareness [13] and specific training courses [14] . Even virtual games involving driving skills are becoming increasingly common and can have a positive impact on driver behaviour. In some countries, such as The Netherlands, training in efficient driving techniques is widespread in driving schools [15] .
The results of several studies show a wide variability, with individual savings of between 5% and 20% in fuel consumption [16] . However, very few studies take into account the different penetration rates of eco-drivers, and the preliminary evidence suggests that the presence of a large proportion of efficient drivers is not positive in scenarios with high traffic volumes [17, 18] .
García-Castro et al. [19] conducted a complete study of efficient driving in central Madrid (Spain) and concluded that:
• Eco-drivers influence not only their own vehicle driving characteristics but also the surrounding vehicles and thus the traffic flow in the corridor.
•
The effects of eco-driving are not the same on a local road as on an urban motorway and also depend on the traffic volumes.
• Eco-driving behaviour could produce more congestion; driving smoothly increases distances among cars, reducing density of road use. Therefore, when traffic flow increases, eco-driving could reduce the number of car per road section, increasing congestion accordingly.
The greatest potential for eco-driving policies appears to be in areas where traffic levels are not very heavy, and yet most studies have analysed the impact of eco-driving in large cities suffering chronic congestion problems. To fill this gap, we set out to study the effects of eco-driving in a small city where traffic flow is not conditioned by peak hours or congestion.
Eco-Routing
The eco-routing concept implies choosing travel itineraries with a view to minimizing environmental impacts. Several authors have concluded that eco-route navigation has great potential for reducing fuel consumption [20] [21] [22] [23] . However, this concept is somewhat complicated to implement, since the optimal speed profile for reducing fuel consumption and CO 2 emissions may produce an increase in some types of pollutants, such as CO and HC [24, 25] . Ericsson et al. [26] conclude that emissions could be reduced by around 8.2% by choosing an eco-route. Ahn and Rakha [27] report fuel savings of between 3.3% and 9.3% but not necessarily time savings. In line with this result, Kono et al. [28] estimate that eco-route practice can reduce emissions by around 9% while increasing travel times by another 9%. Perez-Prada et al. [29] evaluated the impacts of different percentages of eco-routing drivers on traffic, CO 2 , and NO x in the entire Madrid Region. The results showed reductions of up to 10.4% in CO 2 and 13.8% in NO x in congested traffic conditions with a 90% penetration of green drivers; however, the population's exposure to NO x increased by up to 20.2% as the results of eco-routing drivers choose a shorter route that has a higher population density.
Since all the studies so far have been done on large cities with congestion problems, there is a need to investigate the factors involved in the eco-route for small and non-congested cities. Based on the possibility of improving driving patterns to reduce GHG, and on previous work in this field [30] , the aim of this research is to analyse the potential for reducing CO 2 emissions from driver behaviour (eco-driving and eco-routing) in a non-congested city such as Caceres (Spain). Emissions are correlated to drivers' performance parameters such as travel speeds, number of stops, revolutions per minute (rpm) and maximum acceleration-deceleration.
After this introductory section, Section 2 presents the methodology for testing the impacts of eco-driving and eco-routing in practice in a small city. Section 3 analyses the results and compares them with previous studies in other types of cities. The final part includes the main conclusions and possible policy recommendations based on these results.
Methodology
In order to achieve the aim of this research, both eco-driving and eco-routing were tested under real traffic conditions, in a campaign conducted to collect data on different road types (urban roads and access roads to the city) under different traffic conditions in a small city such as Caceres (less than 100,000 inhabitants). The field test phases were as follows:
Campaigns were organised to collect data on driver behaviour following routes with different types of city roads and traffic conditions. Four itineraries were selected with different levels of service (LOS). Level of Service is a quality measure describing operational conditions within a traffic stream; these conditions affect to speed and travel time, freedom to maneuver, traffic interruptions, and comfort and convenience. The test was first performed with drivers driving normally, and then a second set of car runs was recorded after they had taken an eco-driving course, following the same routes and at the same times of day.
2.
Individual driving variations produced by eco-driving were measured using an OBD-key (KBM Systems Ltd., London, UK) installed on board (see Section 2.5), the corresponding CO 2 emissions savings were estimated also. 3.
The combined effects of route selection and eco-driving were calculated for the different types of urban road in the test city as a proxy for eco-routing.
4.
Drivers were surveyed to capture changes in their way of driving and perceptions once they were trained in eco-driving techniques.
Case Study: City of Caceres, Spain
The city of Caceres is located in western Spain and has a population of 95,000 inhabitants in an area of 30 km 2 . It is a historic city with a high density of monuments and a unique medieval urban layout and was named a World Heritage site by the UNESCO in 1986 [31] . The city today has succeeded in maintaining a moderate and constant economic growth (Caceres has had a GDP growth of 4.5% in 2015, 3.1% in 2016, and a population reduction of 323 inhabitants in the year 2017), despite a slight decline in its population, as has occurred in other similar cities and which is to a large extent due to the current economic crisis.
Caceres is formed by a protected pedestrianised historic centre and a series of urban areas that have developed slowly over time. The dominant transport mode is the car, which accounts for 55% of all the movements taking place within the city. Despite the city's size and hilly layout, pedestrian trips account for one third of all movements, while public transportation is used for only 10% [32] .
Caceres has three peak hours related to the main movements of access to the city: between 8 and 9 h, entry into jobs and schools (10% higher than the average); at 2:00 pm, coinciding with the lunch hour (28% above the average) and between 6:00 pm and 7:00 pm, the return to home takes place (15% above the average), e.g., the main street of the city center has an average of 1000 v/h per direction increasing this value until 1300 v/h at 2 pm [33] .
The city of Caceres needs to implement measures to encourage further use of public transport and pedestrian mobility to make it even more sustainable. Although policies for environmental protection and emission reduction have already been applied in the historic town centre, which is mostly restricted to pedestrians, they need to be extended to the more car-dependent surrounding areas to achieve sustainability targets for the whole city.
Selecting Routes to Represent Different Road Types and Traffic Conditions
The city of Caceres is quite small and can be crossed from side by side in less than 15 min. Four test routes were selected with the same origin and destination, as shown in Figure 1 . They all start from the train station located in the western part of the city and end at the School of Technology (University of Extremadura) in the eastern part. Four alternative routes with different LOS [34] were chosen to cross the city following itineraries with different characteristics and traffic volumes. They can be ordered in terms of their increasing LOS (from lowest to highest), as follows: Route 1 (local) runs along urban streets and passes right through the heart of Caceres city centre. It is 6.1 km long, and its travel time is around 15 min. This route has a dual carriageway with a median. Speed is limited to 50 km/h. It is regulated by traffic lights and suffers some congestion problems at peak hours.
Route 2 (collector) is 6.7 km long and its travel time is about 14 min. It is one of the most important avenues in Caceres as it provides access to the bus station, conference centre, sports arena, mortuary, and hospital, leading to some traffic delays. It also has a dual carriageway with a median, but due to its urban character, the speed limit is 50 km/h and 30 km/h in several sections.
Route 3 (perimeter) is the old bypass road, which is already integrated in the urban network. It also has a two-lane dual carriageway and a median or is demarcated by a continuous double line. The speed limit is 50 km/h. It has a length of 6.7 km and a travel time of about 13 min. It has almost no congestion.
Route 4 (bypass) follows the outer city bypass known as "Ronda Norte". It has a length of 10.3 km and can be travelled in about 12 min. It is the longest and quickest route. It runs through the north of the city with a two-lane dual carriageway with a median. Intersections are in the form of roundabouts and pedestrian crossings regulated by traffic lights. Speed limits vary between 80 km/h and 40 km/h. Traffic is usually fluid all day.
Driver Selection, Eco-Driving Training, and Assignment
Twelve drivers of different sexes were recruited in a wide range of ages and driving types, comprising eight men and four women aged between 21 and 44, in a fairly representative sample of the driving population in the city of Caceres. (The 2016 directory of the general traffic management [35] indicates that the range between 25-44 years exceeds 51% of the census. In addition, the distribution of male/female drivers is 62% and 38%, respectively). The 12 drivers received an eco-driving course (see Appendix A) so they could deploy these techniques during the second driving week and compare the results with the first week's driving.
During the driving test, six people were assigned to each vehicle, with two people taking turns to drive (driver and assistant, changing every hour) who iteratively performed trips along the four selected routes. They drove 12 h a day to obtain enough data on the different traffic situations (free circulation, moderate traffic, and congestion) and weather conditions (rain, fog, etc.). The driving turns were adjusted to cover peak hours according to the mobility records for Caceres [33] . The following driving turns were selected: The first test was done from 2 May to 5 May 2017, and the second the following week, from 9 May to 12 May, after taking the eco-driving training course.
Experimental Car Data Collection
Caceres has a fleet of 48,554 passenger cars (approximately one vehicle for every two people), of which 60% are diesel and 40% gasoline. Two different cars were used for the data campaign, an Opel Astra 1600 cc diesel and a Fiat 500 1200 cc gasoline (Table 1) . These vehicles correspond to the small (Fiat 500) and medium (Opel Astra) car segments, which represent approximately 75% of the fleet in Caceres [36] . The sample is therefore quite representative of the Caceres fleet composition. Driving was done following the experimental car method in order to reproduce the average driver behaviour. Classification by relative consumption
Measured Variables
Data was collected using an OBD-key installed on board to obtain and store the parameters that define driving profiles. The geographical location of the vehicle was recorded at all times. The operating procedure is shown in Figure 2 . The following parameters were collected before and after the drivers took the eco-driving training course:
• GPS position (longitude and latitude) and distance travelled (km);
Number of stops, rpm, acceleration, and deceleration (m/s 2 ).
These data are necessary to measure the variation in speeds, accelerations and emissions produced by eco-driving and eco-routing at the individual level. They can be used in future research to build a micro and macro simulation.
Survey to Capture Individual Driving Perceptions
The final part of the driving experiment consisted of surveys after each driving turn. The aim was to determine any perceived differences in comfort and ease with and without eco-driving, and any other external circumstances that may have influenced the driving technique, such as weather and traffic conditions. The survey was done after each driving turn and drivers were asked to rate four questions from 1 to 7 on a Likert scale [39] , shown below in Table 4 . A Likert scale is a psychometric scale with multiple categories from which respondents choose to indicate their opinions, attitudes, or feelings about a particular issue. Likert-scale questionnaires have predominantly been used in research into individual difference variables, such as motivation, anxiety, and self-confidence. Some advantages of Likert-scale questionnaires are that (a) data can be gathered relatively quickly from large numbers of respondents, (b) they can provide highly reliable person ability estimates, (c) the validity of the interpretations of the data can be established through a variety of means, and (d) the data can be profitably compared, contrasted, and combined with qualitative data-gathering techniques such as open-ended questions, participant observation, and interviews.
Results
The performance features of the driving test in Caceres are shown in Table 2 , along with the experimental statistics of distances driven by route and gender with each vehicle. For each driving cycle, we analysed drivers' behaviour, fuel consumption, and travel time.
Driver Behaviour
The driving variables recorded are: number of stops, rpm and the maximum acceleration-deceleration. Table 3 compares the results without vs. with eco-driving. In all routes, average rpm and accelerations are reduced when eco-driving. However, low-speed driving periods do not change significantly. All routes except route 4 (bypass) have similar average speed values (Figure 3 ). Average speeds on routes 1 (local), 2 (collector), and 3 (perimeter) are below 50 km/h, so there is little room for improvement. In contrast, on route 4 (bypass)-the fastest route with the highest LOS-eco-driving reduces the time by 18% at a speed over 70 km/h. This route has fewer stops, which are further reduced when eco-driving. Figure 4 shows the drivers' instantaneous speed patterns in route 1 (local) and route 4 (bypass) before and after the eco-driving course. Both graphs confirm that eco-driving produces lower and more homogeneous speed profiles. The number of stops, accelerations and decelerations are higher in route 1 (local) due to the greater number of intersections and traffic lights. In route 4 (bypass), decelerations are caused by roundabouts, which are quite far apart. These results should be considered in conjunction with the drivers' perceptions of eco-driving. The questions and results of the questionnaire with the scores of the eco-driving experience are shown in Table 4 . There were four questions: one on driving ease, the second on trip context, and the other two relating to the trip itself. The results of the drivers' perceptions are as follows:
• There is no significant difference in driving difficulty before and after eco-driving training. More than 90% of drivers consider vehicle handling easy (scores 1 and 2). This implies that the eco-driving technique is easy to learn and practice.
•
The driving environment has very little influence, although some drivers admit to having more difficulty in bad traffic and weather conditions. Here, 74% of drivers consider the driving circumstances to be easy (scores 1 and 2) before eco-driving, while only 66% do so after eco-driving. Some 5% of eco-drivers reported difficult driving conditions (scores 6 and 7).
The drivers' feelings are modified with efficient driving. Here, 74% feel entertained before eco-training (scores 6 and 7) vs. 59% after eco-driving, and 15% of drivers therefore consider eco-driving to be less entertaining.
• Finally, it is worth noting that eco-driving causes a 10% decrease in drivers' relaxation during the trip. Here, 79% of drivers are relaxed (scores 1 and 2) before eco-driving, compared to 68% who are afterwards.
Eco-driving increases boredom and driver stress, probably due to lack of experience in this type of driving. Also, eco-driving requires effort and attention which might lead to increases in stress under some circumstances (congested traffic) and boredom in others, such as when operating in uncongested areas [40] . The average speed is lower in eco-driving, making traffic smoother. Table 5 shows the results for both driving modes (non-eco and eco) and fuel types (gasoline and diesel). The consumption data collected through the OBD-key were validated with the real consumption information for the two test periods, before and after eco-driving training course, and for the two types of vehicles. There is always a clear saving in fuel consumption between conventional driving and eco-driving, and these savings are also higher for diesel than for gasoline vehicles, although the consumption rates per km are lower in the case of diesel. CO 2 emissions were estimated using the technical values from Table 1 . Diesel engines account for 12% and 17% lower CO 2 emissions than gasoline on average in the four selected routes without and with eco-driving, respectively. Eco-driving reduces CO 2 emissions by 20% in the case of gasoline and 24% for diesel. Figure 5 includes information of consumption by type of vehicle, route and driving turns along the different times of day. Peak hours have not significantly conditioned the consumption of fuel, because Caceres is a small city where occasional congestions do not involve large delays or modify the type of driving performed. All routes have similar consumption rates (non-eco and eco-driving) for both diesel and gasoline, except for route 4 (bypass), which has higher values. The greatest savings are in route 4 (bypass), with 31% and 22% in diesel and gasoline, respectively. For the other three routes, the savings are around 17% in gasoline and 21% in diesel. This means that the greatest savings occur on the routes with the best LOS. Figure 6 shows the fuel savings per route between conventional and eco-driving that were presented in the Table 5 . Eco-driving always produces savings compared to conventional driving, and more so in diesel than in gasoline vehicles. Since this factor is directly linked to fuel consumption, route 4 (bypass) shows the largest decrease, so eco-driving achieves better results with high fuel consumption routes. Eco-driving causes a generalized decrease in CO 2 emissions in all routes. CO 2 emissions depend directly on fuel consumption, so the largest decrease corresponds to route 4 (bypass) with a savings of 31% in diesel and 22% in gasoline. The route that produces the least CO 2 emissions is route 1 (local) since it involves the lowest fuel consumption. The local route can therefore be considered to be the most ecological route of the four tested. This implies that in terms of CO 2 emissions, shorter is better in both eco and non-eco driving styles. Figure 7 shows the trip times of each route. Eco-driving produces increases of around 7.5% in travel times. The fastest route is route 4 (bypass), as despite being the longest, it has a higher traffic speed with no congestion and fewer stops than the other routes. The slowest is route 1 (local), which is shorter but with more stops, which increases travel time by 10% compared to the fastest (bypass). 
Fuel Consumption and CO 2 Emissions

Travel Times
Conclusions and Policy Recommendations
The transportation sector is responsible for 20.3% of total GHG emissions in the EU-27 [41] . It is also estimated that cities account for two-thirds of fuel consumption worldwide and 70% of GHG [42] . This contribution is set to rise due to the increase in the share of the urban population. Cities are therefore key for fostering the use of clean technologies and changing drivers' behaviour toward sustainability. Municipalities have different instruments for achieving their environmental targets, but they can only be successful with the contribution of the drivers themselves. Certain policies must be accepted by the public, and some depend directly on the mode of driving and travel decisions. These measures include efficient driving or eco-driving, which has a significant potential for individual fuel savings.
Most studies so far have been conducted in large cities due to their serious congestion problems. However, small cities also have problems and must contribute to the global goal of reducing GHG emissions. This research therefore examines the impact of eco-driving in a small city such as Caceres (Spain), where traffic flows are not affected by peak hours or congestion. The results reveal several findings in regard to eco-driving and eco-routing techniques.
Eco-driving reduces the number of stops and accelerations by maintaining speed values much more uniformly than in conventional driving, leading to a reduction in fuel consumption of around 25%. The savings are clearly higher in the bypass (route 4) as it is longer and less dependent on traffic lights and rights of way. These relative savings are higher than those reported for larger cities such as Naples, Turin, Lisbon, Madrid, London, or Beijing [43] [44] [45] [46] [47] [48] .
However, as in other cases reported in the literature [49, 50] , travel time increases with eco-driving by 7.5% on average. The results of route 4 (bypass) and the other three routes are very different. The bypass is the fastest and has the highest consumption and CO 2 emission levels, and yet eco-driving is most efficient on this route and produces the greatest savings in fuel and CO 2 emissions.
The eco-route is the shortest (local), indicating that consumption in non-congested cities depends mostly on the distance travelled and not on the number of stops or time spent.
Eco-driving causes boredom in drivers, which can make them unwilling to practice this technique despite the clear savings in fuel and CO 2 emissions.
Bypasses in small cities improve LOS by removing cars from the city centre, leading to significant reductions in overall travel time. However, traffic on this type of road entails higher fuel consumption and CO 2 emissions, so they are not positive from a strictly energetic point of view. But what would happen if all traffic were to pass through the city centre? Further research would need to model these effects at both the macro and micro level. Therefore, although in non-congested cities eco-routing corresponds to the shortest route regardless of the type of vehicle or time spent, it could generate more congestion and worsen LOS in the city centre.
The results of this study clearly show that eco-driving has very positive effects on fuel savings and CO 2 emissions. As small cities do not suffer major congestion, a large proportion of efficient drivers can be expected to produce clear environmental benefits. Public authorities would therefore be advised to promote this type of driving among the public by highlighting its beneficial effects.
These results point to certain policy recommendations to reduce negative externalities from traffic even in cities that have no major problems of pollution or congestion. Small cities usually have a significant proportion of cars used for daily trips, so reducing car-based environmental impacts would therefore have a significant effect. Awareness-raising actions to promote eco-driving and select the route with lowest emissions (eco-route), in conjunction with other measures such as reducing car access and parking spaces in the city centre, would have a great potential for achieving sustainability city targets.
